Aims/hypothesis Type 2 diabetes is characterised by insulin resistance and increased post-absorptive secretion of VLDLtriacylglycerol (VLDL-TAG). Whether postprandial suppression of endogenous VLDL-TAG secretion is abnormala finding that would link hyperlipidaemia and type 2 diabetes-remains unclear. Methods Eight type 2 diabetic men and eight healthy men were studied before and after a fat-free test meal (40% of resting energy expenditure). VLDL-TAG kinetics were assessed using a primed-constant infusion of ex vivo labelled [1-14 C]triolein VLDL-TAG using non-steadystate calculations. Results Type 2 diabetic men had a higher basal VLDL-TAG secretion rate and concentration than healthy men (mean±SD secretion rate 137±61 vs 78±30 μmol/min, respectively [p00.03]; median concentration 1.03 [range 0.58-1.75] vs 0.33 [0.13-1.14]mmol/l, respectively [p<0.01]). Postprandially, the VLDL-TAG secretion rate decreased in healthy men (p<0.01), but remained unchanged in diabetic men (p00.47). The VLDL-TAG concentration increased in diabetic men and decreased in healthy men postprandially (p<0.05). The difference in VLDL-TAG secretion rate between the two groups approached significance (p00.06) and the relative change in VLDL-TAG secretion rate was significantly different (p00.01) between the two groups. Basal VLDL-TAG clearance was significantly lower in diabetic men (diabetic men 133 [49-390]ml/min; healthy controls 215 ml/min [p<0.05]). After meal ingestion, clearance decreased in healthy men (p00.03), but was unchanged in diabetic men (p00.58). Conclusions/interpretation Obese type 2 diabetic men have impaired postprandial suppression of VLDL-TAG secretion compared with lean healthy men, contributing to their postprandial lipaemia and hypertriacylglycerolaemia.
Introduction
Elevated plasma triacylglycerol (TAG) is an independent risk factor for cardiovascular disease, and recent studies indicate a direct causal relationship [1] [2] [3] . In addition, hypertriacylglycerolaemia is an important part of diabetic dyslipidaemia, and the macrovascular complications of diabetes are strongly related to alterations in lipoprotein metabolism [4, 5] . As the prevalence of obesity and diabetes increases, elevated plasma TAG is likely to become a common finding; insight into TAG metabolism is therefore warranted.
It is well established that chronic hyperinsulinaemia, as observed in, for example, insulin-resistant individuals, is associated with an increase in VLDL-TAG production [6] [7] [8] . This is linked to the insulin-resistant state, as chronic hyperinsulinaemia in insulinoma does not display the same abnormalities [9] . In contrast, acute hyperinsulinaemia leads to a rapid inhibition of hepatic VLDL-TAG secretion, as evidenced from data stemming from in vitro studies, animal models and human studies [6] [7] [8] 10] . Some previous studies have shown that diabetic patients fail to downregulate secretion of large VLDL (VLDL 1 ) in an experimental setting with high-dose insulin infusion [11, 12] , whereas we reported a preserved suppressive effect of hyperinsulinaemia on VLDL-TAG secretion [7] . The impact of meal-induced hyperinsulinaemia, on the other hand, is less well understood. Knowledge regarding postprandial changes in VLDL kinetics is mostly indirect and derived from studies using the hyperinsulinaemic clamp to mimic the rapid increase in insulin levels observed after a meal [6, 10, [12] [13] [14] . This approach has the obvious advantage that steady-state kinetics can be applied to tracer studies, yielding reproducible estimates of both VLDL-TAG production and insulin sensitivity. However, the clamp technique is a highly experimental situation that differs from the physiological and more subtle postprandial changes in hormonal milieu. To our knowledge, no studies exist that have measured VLDL-TAG kinetics during and after a test meal.
We have developed a method to produce a VLDL-TAG tracer based on ex vivo labelling of the TAG moiety of VLDL particles and subsequent reinfusion [8, 15, 16] . In addition to calculation of the VLDL-TAG kinetic variables of interest, the method allows, by tracing VLDL-TAGassociated fatty acids, the study of their metabolic fate (i.e. to what extent they are oxidised or deposited in adipose tissue) [8] . Moreover, it is possible to study dynamic VLDL kinetics in addition to steady-state kinetics with a constant-infusion protocol. After steady state is achieved, interventions can be performed with subsequent calculations of VLDL kinetics with the equations of Steele [17] , modified for non-steady-state conditions [18] . This approach has previously been applied in NEFA tracer studies and been demonstrated to produce satisfactory estimates of NEFA turnover [19] . The effects of meal ingestion on VLDL-TAG kinetics are dynamic, which necessitates the use of nonsteady-state equations.
In these studies we used a VLDL-TAG tracer to measure basal and postprandial VLDL-TAG secretion and clearance to provide additional insight into the mechanisms responsible for the postprandial hyperlipidaemia typically found in individuals with type 2 diabetes. The aim was to test the hypothesis that obese type 2 diabetic men have impaired postprandial suppression of VLDL-TAG secretion compared with lean healthy men. In addition, we wanted to assess the relationship with NEFA availability.
Methods
Participants The study protocol was approved by the local ethics committee and written informed consent was obtained from all participants. Eight men with type 2 diabetes (BMI>28 kg/m 2 ) with a diabetes duration of less than 5 years to ensure preserved insulin production, and eight healthy lean men (BMI <25 kg/m 2 ) with no family history of type 2 diabetes, matched for age, were recruited from the outpatient clinic and through local advertisements. All were nonsmokers and at stable weight, and none regularly engaged in vigorous exercise. Normal blood count and thyroid, liver and kidney function were confirmed for all participants. Current diabetes treatments were lifestyle modifications alone in three patients and metformin, sulfonylurea or both in five patients. Oral hypoglycaemic agents were discontinued 3 weeks before the study day, while statin and antihypertensive therapies were discontinued 2 weeks before the study day. HbA 1c was measured prior to discontinuation of glucose-lowering medication.
Protocol One week before the metabolic study day, volunteers who met the eligibility criteria visited the clinical research centre after an overnight fast of 10-12 h. A blood sample was drawn for labelling of VLDL-TAG. A dual x-ray absorptiometry (DEXA) scan and abdominal computed tomography (CT) scan at the L 2 -L 3 interspace were performed in order to obtain anthropometric indices [20] . Resting energy expenditure (REE) was measured by indirect calorimetry and individuals were interviewed by a dietitian. Based on REE and the dietitian's calculations, participants were provided with a weight-maintaining diet (55% carbohydrate, 15% protein and 30% fat) by the hospital kitchen during the 3 days preceding the metabolic study.
The study protocol is illustrated in Fig. 1 . Participants were admitted to the clinical research centre at 22:00 hours on the evening before the study. After an overnight fast, catheters were placed in an antecubital vein and a contralateral heated hand vein in order to obtain arterialised blood. Except for the test meal, only ingestion of tap water was allowed. The study day included a 2.5 h basal period (−150-0 min) and a 4.5 h postprandial period (0-270 min). At t00 to 15 min the participant consumed a fat-free test meal (40% [1- 14 C]trioleinlabelled VLDL particles, labelled plasma was then transferred into Optiseal tubes (Beckman Instruments), covered with an NaCl solution (d01.006 g/ml), and centrifuged (50.3 rotor; Beckman Instruments) for 18 h at 98,350 rpm and 10°C. The supernatant fraction containing the labelled VLDL fraction was finally removed with a modified Pasteur pipette, and the solution was then passed through a Millipore filter (pore size diameter00.22 μm [Millipore, Billerica, MA, USA]) and stored under sterile conditions at 5°C. All samples were cultured to ensure sterility. Using this procedure, ∼10% of the tracer (∼74 KBq) was recovered and available for infusion in each individual.
Plasma VLDL-TAG concentration and SA VLDL was isolated from plasma by ultracentrifugation. Approximately 3 ml of each plasma sample was transferred into centrifuge tubes, covered with NaCl solution and centrifuged as described above. The top layer, containing VLDL, was obtained by slicing the tube ∼1 cm from the top using a tube slicer (Beckman Instruments), and the exact volume was recorded. A small proportion was analysed for TAG content, and the plasma concentration of VLDL-TAG was calculated. The remaining VLDL-TAG was transferred to a scintillation glass vial and 10 ml of scintillation liquid was added.
14 C activity was measured using a liquid scintillation counter (Wallac 1409, PerkinElmer). A dual-channel program was used; counts were automatically corrected for quench and counted to a <2% counting error. To determine the tracer infusion rate, 1 ml of the tracer infusate was transferred to a scintillation glass vial, 10 ml of scintillation liquid added and 14 C activity counted as described above.
Palmitate turnover Systemic palmitate flux was measured using an isotope dilution technique with a constant infusion of [9, H]palmitate (Department of Nuclear Medicine, Aarhus University Hospital, Aarhus, Denmark) [21] . Plasma palmitate concentration and SA were measured at baseline and 10 min intervals over the last 30 min of the infusion periods by HPLC using [ 2 H 31 ]palmitate as an internal standard. Steady-state SA was verified for each individual in the basal period, and palmitate flux (μmol/min) was calculated as [9,10- 3 H]palmitate infusion rate divided by the steadystate palmitate SA. In the postprandial period, palmitate flux was calculated using non-steady-state equations as previously described [19] Body composition Total body fat, leg fat, fat percentage and fat-free mass were measured by DEXA (QDR-2000, Hologic, Bedford, MA, USA). Upper-body and visceral fat masses were assessed using CT measures of intra-abdominal and subcutaneous (sc) adipose tissue combined with abdominal fat mass measured by DEXA as previously described [20] . Upper-body sc fat was calculated as upper-body fat (DEXA)-visceral fat. Leg fat was measured using the region-of-interest program with the DEXA instrument.
Indirect calorimetry REE was measured by indirect calorimetry (Deltatrac monitor, Datex Instrumentarium, Helsinki, Finland). The initial 5 min was used for acclimatisation to the hood.
Test meal The test meal was an almost-fat-free breakfast designed by a dietitian (40% of REE; 85% carbohydrate, 10% protein and 5% fat) to avoid meal-fat interference with VLDL-TAG measurements. It consisted of fresh fruit, cornflakes, crispbread, jam and skimmed milk.
Laboratory procedures Plasma glucose was analysed using an YSI 2300 STAT Plus (YSI, Yellow Spring, OH, USA). TAG concentrations were analysed using a COBAS Fara II (F. Hoffmann-La Roche, Basal, Switzerland). Serum insulin concentrations were measured with an immunoassay (DAKO Denmark, Glostrup, Denmark). Serum NEFA concentrations were determined by a colorimetric method using a commercial kit (Wako Pure Chemical Industries, Osaka, Japan). ApoB-48 concentrations were analysed using an ELISA assay (Kamiya Biomedical Company, Seattle, WA, USA)
Calculations Calculations of VLDL-TAG kinetics were made using the equations of Steele [17] , modified for nonsteady-state conditions [18] . A fractional volume of 1.4×plas-ma volume (5.5% of body weight) was assumed. This is in accordance with our previous findings of the readily accessible pool size of VLDL-TAG [22] . VLDL-TAG concentrations and SA were spline fitted to minimise analytical variation that may occur when raw data are used in non-steady-state equations (Sigmaplot 11.0, Systat Software, Chicago, IL, USA) [23] .
VLDL-TAG secretion and clearance were calculated according to the following equations [17, 18] :
Where F is the tracer infusion rate, pV is the fractional volume of distribution, ct is the concentration of tracee at time t, and SAt is the specific activity at time t. The relative postprandial change in VLDL-TAG secretion was calculated in comparison to the pre-prandial steady-state secretion rate.
Statistics Data were analysed using SPSS 17.0 and expressed as mean±SD or median (range) as appropriate. Differences between groups were evaluated using Student'st test or Mann-Whitney test. TAG and VLDL-TAG concentrations and VLDL clearance were log-transformed before analysis. Analyses of time-related effects between groups were performed using two-way ANOVA for repeated measurements with factors for group and time. Correlations were evaluated with Pearson's r or Spearman's ρ analyses. Statistical significance was set at p00.05.
Results
Participant characteristics Participant characteristics are summarised in Table 1 . The groups were well matched for age. As expected, diabetic men had a greater body weight, WHR and fat percentage. Also, a greater total, upper-body sc, lower-body sc and visceral fat mass were observed in the diabetic group. HbA 1c was somewhat greater in type 2 diabetic men, though not significantly so, demonstrating good metabolic control in the type 2 diabetic men (6.2±0.7% vs 5.5±0.7% [p00.10]).
Insulin, glucose and NEFA concentrations As expected, type 2 diabetic men had higher fasting plasma glucose (7.8±2.2 vs 4.8±0.4 mmol/l [p<0.01]) and higher fasting insulin (65±24 vs 21±10 pmol/l [p<0.001]) than healthy men. After the test meal, the increases in glucose and insulin were greater and prolonged in diabetic men compared with healthy men (both p<0.01) (Fig. 2a,b) . Basal NEFA levels were similar in diabetic and healthy men (0.42±0.12 vs 0.48±0.15 mmol/l [p00.33]) and in both groups NEFA were almost totally suppressed after 90 min, with a slight delay in suppression in diabetic men (p<0.01) (Fig. 2c) . were suppressed significantly in both groups (both p<0.01). However, the degree of suppression was less pronounced in diabetic men compared with healthy men, both in absolute and relative terms (both p00.02) (Fig. 2d ). After ingestion of the test meal total TAG concentration decreased in healthy men (p<0.01), but remained unchanged in diabetic men (p00.17) (Fig. 3a) . The effect of the test meal on total TAG was significantly different between the two groups (p00.01). Likewise, VLDL-TAG concentration over time was significantly different between the two groups after the test meal (p<0.05), but did not change significantly in either diabetic men (p00.15) or healthy men (p00.12) (Fig. 3b) .
TAG and VLDL-TAG concentration

VLDL-TAG secretion and clearance
In the basal state, VLDL-TAG secretion rate was significantly greater in diabetic men compared with healthy men (137±61 vs 78± 30 μmol/min [p00.03]). However, when corrected for fatfree mass, VLDL-TAG secretion was not significantly different between groups (1.75±0.74 vs 1.23±0.50 μmol/min/kg [p 00.12]). Postprandially, VLDL-TAG secretion rate was suppressed by 52± 21% (p<0.001) in healthy men, but remained unchanged in diabetic men (p00.47). Treatment vs time interaction tended to be different between groups, although not significantly (p00.06); i.e. the timerelated decrease in postprandial VLDL-TAG secretion was smaller in type 2 diabetic men (Fig. 4a) . However, the relative suppression of VLDL-TAG secretion rate was significantly different between the two groups (p00.01), with impaired suppression in diabetic men (Fig. 4b) . After meal ingestion, the VLDL-TAG clearance rate decreased in healthy men (p00.03), but was unchanged in diabetic men (p00.58), with no difference between groups (p00.21) (Fig. 4c) .
ApoB-48 concentration For all participants and at all time points, ApoB-48 concentrations were below the assay detection limit of 7.8 pg/ml.
Correlations No association between palmitate turnover and VLDL-TAG secretion rate was observed in either the basal or the postprandial period. The degree of suppression of palmitate turnover was significantly associated with the degree of suppression of VLDL-TAG secretion in diabetic men, both in absolute (ρ00.81, p00.02) and relative (ρ00.74, p00.04) terms. In healthy men, no association between suppression of palmitate turnover and VLDL-TAG secretion was observed. Visceral fat mass was not correlated with either basal VLDL-TAG secretion rate or absolute or relative suppression of VLDL-TAG in either of the two groups.
Discussion
To our knowledge, this is the first study to assess postprandial VLDL-TAG kinetics in type 2 diabetic men using a VLDL-TAG tracer. Our main finding was an abolition of postprandial suppression of VLDL-TAG secretion in type 2 diabetic men. Moreover, the VLDL-TAG clearance rate was significantly reduced postprandially in lean men, but remained unchanged in type 2 diabetic men. However, a significant difference in the change in clearance could not be demonstrated between the two groups.
Type 2 diabetic patients are characterised by elevated postprandial concentrations of TAG, both in chylomicrons [24] and VLDL particles [25] . The increase in VLDL-TAG may be explained by increased VLDL-TAG secretion, decreased VLDL-TAG clearance or a combination of both. Postprandially, chylomicrons and VLDL mix in the blood and compete for the same clearance pathways. It has been shown that VLDL-TAG accumulates in human plasma after fat intake. The mechanism is explained by competition between chylomicrons and VLDL particles at the lipoprotein lipase (LPL) binding sites [26, 27] . However, studies have also shown an association between liver fat content and the postprandial increase in ApoB-100 [28, 29] , indicating that endogenous VLDL-TAG secretion may also contribute to postprandial lipaemia in type 2 diabetes. Despite the wide range of different tracers and kinetic models employed to study VLDL-TAG kinetics, results in healthy individuals have convincingly shown that acute experimental hyperinsulinaemia decreases hepatic production of VLDL-ApoB [12, 14, [30] [31] [32] [33] and VLDL-TAG [10, 12, 14, 30, 31] , primarily through suppression of VLDL 1 (rather than VLDL 2 ) production [12, 32, 33] . Insulin-mediated suppression of VLDL-TAG secretion may partly be attributed to diminished hepatic NEFA delivery secondary to suppression of adipose tissue lipolysis [34] . However, as shown by Lewis et al, hyperinsulinaemia still suppresses VLDL-TAG secretion when NEFA levels are kept elevated by a concomitant infusion of heparin and intralipid [14] . This overriding suppressive effect of insulin on hepatic VLDL-TAG secretion appears physiologically beneficial by reducing competition between VLDL and chylomicron particles for peripheral TAG clearance and thereby minimising the transient postprandial hyperlipidaemia.
By using a unique VLDL-TAG tracer technique, the present study is the first to compare postprandial VLDL-TAG secretion in healthy lean men and type 2 diabetic men. We report a blunted suppression of VLDL-TAG secretion rate in type 2 diabetic men following a fat-reduced test meal, whereas a significant suppression was noted in healthy lean men. This was observed despite a greater increase in insulin in type 2 diabetic men compared with healthy men. We propose that this difference may contribute to postprandial hypertriglycerolaemia in type 2 diabetes.
One likely mechanism that may explain at least some of the observed difference is impaired postprandial insulinmediated suppression of VLDL-TAG secretion. Previous studies of the effect of hyperinsulinaemia on VLDL-TAG secretion in type 2 diabetes have been inconsistent with reports showing impaired [11, 12] or preserved [7] suppression. This may be attributed to the prolonged and supraphysiological exposure to insulin during hyperinsulinaemic clamps, which may override the impaired suppression in type 2 diabetes at more physiological insulin concentrations. Moreover, meal ingestion is a more complex intervention, resulting in changes in several other substrate and hormone fluxes, which may also affect VLDL-TAG secretion. In all individuals, plasma ApoB-48 concentrations were below the assay detection limit, which excludes chylomicron appearance as an explanation for the observed differences [35] .
Diabetic men had a slower and less pronounced inhibition of lipolysis in response to the test meal. The difference in total NEFA concentration was minimal, but palmitate turnover was not suppressed to the same extent in diabetic men compared with healthy men. In addition, previous studies of hepatic NEFA delivery have demonstrated a greater contribution of visceral fat lipolysis with progressively greater visceral fat mass [36] . However, as both NEFA concentration and palmitate turnover were suppressed significantly in diabetic men this does not appear to be the most likely explanation for our findings. Furthermore, a significant association between suppression of palmitate turnover and VLDL-TAG secretion was noted in type 2 diabetic men, but not in healthy men. We cannot exclude the possibility that reduced availability of postprandial NEFA results in reduced VLDL-TAG secretion in our type 2 diabetic men. However, we find it more likely that the association in the diabetic men reflects the simultaneous failure to suppress both lipolysis and VLDL-TAG secretion.
We observed no postprandial change in VLDL-TAG clearance in diabetic men, whereas in healthy men a decrease was observed 2 h after meal ingestion. The latter finding may be due to a downregulation of VLDL-TAG clearance as a response to a decrease in plasma VLDL-TAG concentration. Previously, no differences in wholebody VLDL-TAG clearance during a hyperinsulinaemic clamp have been observed in healthy or diabetic individuals [7, 11, 33, 37] , perhaps because of a shift from VLDL-TAG fatty acid oxidation during fasting to storage during hyperinsulinaemia resulting in no net change in the total clearance rate. The higher basal clearance in healthy men compared with diabetic men in the present study is in line with previous findings from our group showing a tendency towards lower clearance in type 2 diabetic men vs weight-matched controls [7] .
During recent years it has been argued that non-fasting TAG levels should replace fasting levels in assessing cardiovascular disease [38] . This proposed change in recommendations is based on reports indicating a higher predictive value of non-fasting vs fasting TAG [39, 40] . When non-fasting levels of TAG are measured, postprandial VLDL-TAG regulation plays an important role as VLDL particles compete with chylomicrons for lipolysis of their content of lipids [26, 27] . Non-fasting TAG levels therefore also reflect the suppressive effect of insulin on hepatic VLDL-TAG secretion and may be a valid indicator of insulin resistance.
There are limitations to our study. First, the effect of meal ingestion is a dynamic response rendering it impossible to study in a steady state. Therefore, we used non-steady-state equations to calculate kinetic variables. This requires assumptions regarding the readily accessible pool size. We used results from a previous study from our group in which pool size was determined in healthy individuals [22] ; it may not necessarily be the same for diabetic men. Second, the VLDL-TAG tracer was prepared from plasma obtained in the postabsorptive state and, as VLDL particle composition changes in response to hyperinsulinaemia, the VLDL-TAG tracer used to determine VLDL-TAG kinetics during hyperinsulinaemia should ideally have been prepared from plasma obtained during hyperinsulinaemia. However, Lewis et al found no differences in VLDL-ApoB kinetics in plasma drawn under basal and hyperinsulinaemic conditions [31] . Furthermore, our tracer-labelling procedure could alter the composition of the VLDL particles, thereby affecting our kinetic estimates. However, we have previously shown a similar metabolic capacity of our tracer to native VLDL-TAG [16] . Third, as our study groups differed not only in the presence and absence of diabetes but also in body weight and body composition, as well as biochemical variables (e.g. insulin, lipids and glucose), we cannot conclude that the observed differences in VLDL-TAG kinetics are caused by the type 2 diabetic state and/or insulin resistance per se. In order to assess the impact of these additional differences, studies including a weight-matched control group are required. Finally, we cannot automatically extend our findings to women.
In conclusion, obese type 2 diabetic men have impaired postprandial suppression of VLDL-TAG secretion compared with lean healthy men, which probably contributes to their postprandial lipaemia and hypertriacylglycerolaemia.
